Role and significance of carotenoids in human nutrition and their health benefits. Higher animals are incapable of biosynthesizing carotenoid, so these pigments are essentially indigested through the diet as precursors for retinol (vitamin A) biosynthesis. Provitamin A activity is the ability of carotenoids to form vitamin A (retinol and retinal) by the action of carotene dioxygenase. Any carotenoid containing at least one unmodified β-ionone ring may be cleaved to provide provitamin A activity. Thus, provitamin A active carotenoids include β-carotene, α-carotene, γ-carotene and β-cryptoxanthin. Although provitamin A activity is the major function of carotenoids, potent antioxidant activity of carotenoids through singlet oxygen quenching and deactivation of free radicals play important roles in the prevention of certain types of cancer, cardiovascular diseases, and macular degeneration (Müller et al. 2015) . Apart from this, carotenoids play important roles in cellular and organelle function. β-Carotene inhibits inflammatory gene expression in lipopolysaccharidestimulated macrophages with possible anti-obesity positive role (Williams et al. 2013 ). Generally, carotenoids are involved in embryonic development, gap junction communication, immune modulation, cell differentiation, anti-inflammation, bone metabolism, anti-angiogenesis, anti-proliferation, hematopoiesis, antioxidant activity, skin health, apoptosis and good vision (Saini et al. 2015) .
Content of total and individual carotenoids in potato tubers. Recent findings suggest that carotenoid pool size is determined, at least in part, by the activity of carotenoid cleavage dioxygenases (Campbell et al. 2010 ). Higher levels of total carotenoids were found in the skin of tubers, with maxima values of 28 and 9 mg/kg dry weight (DW) in skin and flesh, respectively. Yellow-skinned or fleshed tetraploid cultivars also had higher contents than those with paler or white tissues, with no relationship found for other colours (Valcarel et al. 2015) . Carotenoid concentrations in some diploid potatoes were reported up to 22 times higher than in white-fleshed potatoes (Haynes et al. 2011) . The content of carotenoids is affected by cultivar and locality. Hamouz et al. (2016) reported that the content of total carotenoids in analysed cultivars ranged in 1.10-12.2 mg/kg DW and was influenced by genotype cultivar, locality and year. Breithaupt and Bamedi (2002) suggested that the total concentration of carotenoids in potatoes could be used as a tool to differentiate between white-or yellow-fleshed cultivars. Fernandez-Orozco et al. (2013) claimed that the total carotenoid contents for all cultivars ranged from 0.50-15.5 mg/kg DW, although most of the samples had less than 10.0 mg/kg DW, with an average value of about 4.35 mg/kg DW; however 50% of the RDA of vitamin A can be met by consuming 250 g of enriched genetically engineered potatoes.
The different types of xanthophylls show variable concentrations in various potato genotypes with lutein predominating and varying amounts of zeaxanthin, violaxanthin, and others reported. The main carotenoid was lutein in all cultivars (54-93%); furthermore violaxanthin, neoxanthin, zeaxanthin and β-carotene were identified in most of the analysed samples . The carotenoid analysis showed a similar qualitative composition for all potato cultivars, with the following substances being identified: all-trans-neoxanthin, 9'-cis-neoxanthin, all-transviolaxanthin, 9-cis-violaxanthin, antheraxanthin, lutein-5,6-epoxide, all-trans-lutein, 9-cis-lutein, 13-cis-lutein, all-trans-β-cryptoxanthin and alltrans-β-carotene (Fernandez-Orozco et al. 2013) . Two groups of pigments were assigned to partially (monoesters for dihydroxy-xanthophylls) and totally esterified carotenoids (monoesters of monohydroxy-xanthophylls and diesters for dihydroxy-xanthophylls). The lack of zeaxanthin in all samples should be remarked, in contrast to other studies which have reported that zeaxanthin is a major carotenoid in many potato cultivars (André et al. 2007a,b) . Kotíková et al. (2016) reported that yellow cultivars showed a much higher average total carotenoid content (26.2 mg/kg DW) when compared to red/purple-fleshed potatoes (5.69 mg/kg DW). Yellow cultivars were dominated by antheraxanthin, whereas neoxanthin was the main carotenoid in red/purple cultivars.
Potato, which usually accumulates lutein and violaxanthin, was modified to accumulate zeaxanthin (Römer et al. 2002) in yellow-fleshed potato by transformation of neoxanthin epoxidase and it may also result in an increase in transcript for protein fibrillin evolved in carotenoid storage (DellaPenna and Pogson 2006) . Metabolic engineering was recently applied to potato in order to increase the provitamin A content (Diretto et al. 2007) , with a resulting increase of 20-fold and 3600-fold for total carotenoid and β-carotene content, respectively, in the biofortified 'golden potato' . Broad-sense heritability estimates were high for total carotenoid (0.81), lutein (0.77), zeaxanthin (0.73), and the lycopene beta-cyclase pathway carotenoids (0.73); moderate for neoxanthin (0.42); and low for violaxanthin (0.21) and antheraxanthin (0.13) (Haynes et al. 2011 ). Carotenoids and their contents reported in potato are summarized in Table 1 .
Factors influencing carotenoid content in tubers
Flesh colour and genotype. Among raw tubers, the lowest lutein levels were in cultivars and advanced selections with white flesh. White and yellow-fleshed potatoes have similar compositions of carotenoids but the yellow colour is due to higher levels of certain xanthophylls (Perla et al. 2012) . This is in agreement with findings of Brown (2005) who divided cultivars into white, yellow, and dark yellow categories on the basis of colour which corresponded to carotenoid levels 0.50 to 1.00, 1.50 to 2.50 and 5.00 to 7.00 mg/kg fresh weight (FW) grouping and the last category was assigned to dark yellow cultivars. White-fleshed cultivars have 0.50 to 1.00 mg carotenoids/kg FW, while moderately yellow-fleshed cultivars will generally possess from 1.00 to 3.50 mg carotenoids/kg FW. The more intensely yellow-fleshed genotypes, which may look orange, at the higher extremes are at levels above 10.0 mg/kg FW. The highest level was published as 26.0 mg/kg FW in diploid germplasm derived from South American Papa Amarilla cultivars (Brown et al. 2008) . New yellowish-orange-fleshed potato cultivars such as Inca-no-hitomi with very high carotenoid contents (5.67 mg/kg FW) are now developed (Kobayashi et al. 2008) . Cv. Agria (yellow flesh) reached 1.8 to 11.8 times higher levels of total carotenoids compared with cultivars of coloured flesh . Genotype significantly influenced the content and composition of individual carotenoids. As in cv. Agria, violaxanthin (41%) and lutein (55-78%) also dominated in all cultivars with coloured flesh. The relative content of β-carotene in cv. Agria represented 2% of total carotenoids, in cultivars with coloured flesh 5-12%.
The orange and yellow colour of the tuber flesh is due to zeaxanthin and lutein, respectively. Potato cultivars with white flesh contained less carotenoids as compared to cultivars with yellow or orange flesh. Total carotenoids content was reported in the range of 0.50-3.50 mg/kg FW and 8.00-20.0 mg/kg FW, respectively, in white-and yellow-fleshed potato cultivars (Brown et al. 2008) . Researchers have been able to increase carotenoids content considerably using transgenic approaches. Ducreux et al. (2005) were able to increase tuber carotenoids content from 5.60-35.0 mg/kg DW (cv. Desirée) by overexpressing a bacterial phytoene synthase. They also observed large increase in the levels of individual carotenoids, β-carotene (more than 11 fold) and lutein (19 fold). Breithaupt and Bamedi (2002) investigated the carotenoid pattern of four yellow-fleshed and four white-fleshed German potato cultivars. The carotenoid pattern was dominated by violaxanthin, antheraxanthin, lutein, and zeaxanthin, which were present in different ratios, whereas neoxanthin, β-cryptoxanthin, and β-carotene were only minor constituents. Antheraxanthin was found to be the only carotenoid epoxide present in native extracts (Ezekiel et al. 2013 ). The total concentration of the four main carotenoids reached 1.75 mg/kg FW, whereas the sum of carotenoid esters accounted for 0.41-1.31 mg/kg FW. Generally, the levels of antheraxanthin were higher in those cultivars with greater total carotenoid contents, showing a trend similar to violaxanthin, which could be related to the violaxanthin cycle and to the lack of zeaxanthin in all samples (Fernandez-Orozco et al. 2013) . Andean potatoes provide another rich and varied source of carotenoids. André et al. (2007a) reported a range of 3 to 36 mg/kg DW for total carotenoids among 74 Andean landraces. In another study, André et al. (2007b) screened 24 Andean cultivars and identified genotypes containing high concentration of lutein (1.12-17.7 mg/kg DW), zeaxanthin (18 mg/kg DW), and β-carotene (2 mg/kg DW). analysed carotenoids content in tubers of 23 accessions of S. phureja and identified two accessions, with a very high concentration of zeaxanthin (12.9 mg/kg FW). Total and individual carotenoid concentrations were also estimated in S. phureja germplasm accessions by Bonierbale et al. (2009) . These authors identified two cultivars with high zeaxanthin concentrations (above 10.0 mg/kg FW) and a group of accessions with relatively high β-carotene concentrations (above 0.1 mg/kg FW). The total carotenoid, antheraxanthin, violaxanthin, lutein, zeaxanthin and β-carotene concentrations ranged from 1.03-21.4 mg/kg 
477
Plant Soil Environ. Vol. 62, 2016, No. 10: 474-481 In the recent study, the carotenoid profile of sixty potato cultivars (commercial, bred, old and native cultivars) has been characterised in order to provide information to be used in selective breeding programmes directed to improve the nutritional value of this important staple food (FernandezOrozco et al. 2013) . Cultivars were segregated into three groups according to the major pigment in the carotenoid profile: violaxanthin (especially those with higher carotenoid content), lutein, and neoxanthin. Other minor carotenoids were antheraxanthin, β-cryptoxanthin and β-carotene, while zeaxanthin was absent in all samples. The total carotenoid content ranged from 0.50-15.5 mg/kg DW, with an average value of about 4.35 mg/kg DW. Xanthophyll esters were present in most cultivars, mainly as diesterified forms, and a direct correlation was observed between the carotenoid content and the esterified fraction, suggesting that the esterification process facilitates the accumulation of these lipophilic compounds within the plastids.
Effect of year, locality and cultivation factors. Locality and year of higher average temperatures during the growing season produced higher total carotenoid contents in tubers . Kotíková et al. (2007) also confirmed that the year of cultivation had a significant effect on total carotenoids content.
Culinary treatment. Carotenoid content was observed to be lower in boiled as compared to raw potatoes, however, no significant difference in other methods of cooking was observed (Blessington et al. 2010) . Isomerisation and oxidation reactions upon heating of carotenoids may cause small losses, which were later confirmed by Rautenbach et al. (2010) when they observed an average decrease of 9.7% in boiling sweetpotato for 12 min. In heat processed tubers, high amounts of carotenoids either changed from all-trans to 9-cis and 13-cisisomeric form or were degraded. The comparative analysis of raw and boiled tubers showed high losses of carotenoids and carotenoid concentrations in boiled tubers were directly correlated with their corresponding concentration in the raw product (Tierno et al. 2015) . The total pigment content was decreased by heat processing in all cultivars, 8.23-2.98 mg/kg DW could be found in cv. Mayan Twilight and 1.51-0.31 mg carotenoids/kg DW in cv. Shetland Black. Changes in concentrations due to boiling varied significantly among accessions. Boiling significantly reduced the violaxanthin and antheraxanthin concentration of all the accessions. However, the lutein and zeaxanthin concentrations of boiled tubers were not affected or were higher than the concentrations in raw tubers (Burgos et al. 2012) . Boiled potatoes of deep yellow-fleshed cultivars are a significant source of zeaxanthin (above 5.00 mg per kg fresh weight basis).
A study that evaluated the effect of cooking on carotenoid concentration of three potato cultivars detected only lutein in the samples and reported that lutein concentration was not affected by cooking (Blessington et al. 2010) . A more recent study, that analysed the carotenoid concentration of raw and boiled tubers of four potato cultivars with violaxanthin and lutein as the main carotenoids and zeaxanthin present in very low concentration, reported that heat processing transformed all-trans carotenoids to 9-cis and 13-cis isomeric forms or degraded them (Burmeister et al. 2011) . Analysis of variance for the total carotenoids and violaxanthin, lutein and β-carotene concentrations revealed significant effects due to boiling accession interaction, which means that the effect of boiling on the concentration of these carotenoids varies among accessions (Burgos et al. 2012) . The reduction of lutein and zeaxanthin concentration after cooking in some accessions can be easily explained by the fact that carotenoids are exposed to degradation during cooking. However, in some cases the lutein and zeaxanthin concentrations of a yellow-fleshed potato were higher following steaming and microwave cooking, suggesting that cooking altered the plant cell structure and liberated these compounds (Clevidence et al. 2005) . Different types of cooking on vegetables concluded that steaming (3-5 min), microwaving (1.5-5 min) and boiling (9 min) had no effect on the lutein concentration and that in many cases carotenoids become more available after cooking due to the liberation of carotenoids from cell matrices. The lutein concentration of raw tubers ranged from 3.27-9.50 mg/kg DW and that of the boiled tubers from 3.89-9.50 mg/kg DW, with the intermediate yellow-fleshed accession showing the highest lutein concentration (above 8.00 mg/kg DW). However, this value is lower than the highest lutein concentration found by André et al. (2007a,b) (17.7 mg/kg DW) and Griffiths et al. (2007) (14. 2 mg/kg DW). The zeaxanthin concentration ranged from trace levels to above 40.0 mg/kg DW, in both raw and boiled tubers, with the deep yellow-fleshed accession showing the highest concentrations. Regarding β-carotene, the two light yellow-fleshed accessions showed higher concentration in boiled than in raw tubers, and the intermediate yellow and deep yellow-fleshed accessions had reduced β-carotene concentrations after cooking. The β-carotene concentration of raw and boiled tubers ranged from 0 to above 1.20 mg/kg DW, in both raw and boiled tubers. André et al. (2007a,b) reported a β-carotene range of variation of 0.42-2.19 mg/kg DW. In purplefleshed potatoes the boiling, steaming and baking treatments reduced the total carotenoid content by 20.2, 34.9 and 52.0%, respectively, whereas the microwaving, frying, air-frying and stir-frying treatments reduced the content by 66.3, 75.7, 72.0 and 76.2%, respectively (Tian et al. 2016a ). Kotíková et al. (2016) reported that boiling decreased the total carotenoids by 92% compared to baking (by 88%) in yellow-, purple-or red-fleshed potatoes (Figure 1) . Lutein was the most stable carotenoid against thermal processing (decreased by 24-43%) followed by β-carotene (decreased by 78-83%); other carotenoids were degraded nearly completely.
Generally, cooking will cause a decrease in the carotenoid content; boiling in water or frying in oil will diminish the carotenoids due to the thermal effect and the lipophilic properties of carotenoids (Tierno et al. 2015 , Tian et al. 2016b ). However, in some cases, during cooking protein-xanthophyll aggregates are dissociated allowing a detectible increase in carotenoids in cooked potatoes (Burmeister et al. 2011) .
The bioaccessibility of main lutein and zeaxanthin in the 12 biofortified clones has been reported in the range from 53-160% and from 24-388%, respectively (André et al. 2015) . The bioaccessibility of lutein and zeaxanthin in the yellow clones ranged from 76-82% for lutein and from 24-55% for zeaxanthin. Similarly Burgos et al. (2013) Figure 1 . Average content of total carotenoids, lutein and β-carotene after cooking treatment of potato tubers (in % of their content in raw tubers; P -purple; Y -yellow; R -red) allowed a release of zeaxanthin from potato matrix of five clones to a greater extent than that observed in the respective boiled samples. The bioaccessibility of carotenoids (micellarization) is largely enhanced when dietary fat is consumed together with carotenoids. In addition, the concentrations in β-carotene are already low in boiled potatoes.
Carotenoids during tub er development and storage. Germplasms of S. tuberosum and S. phureja exhibit a wide (over 20-fold) variation in tuber carotenoid content. Morris et al. (2004) compared the levels of carotenoids during tuber development and storage in a high carotenoid-accumulating S. phureja accession with two S. tuberosum cultivars (Pentland Javelin and Desirée) that accumulate lower levels of tuber carotenoid. On a dry weight basis, total carotenoid levels were at a maximum early in tuber development. However, in the S. phureja accession, carotenoid levels remained at a high level throughout tuber development, whereas in the S. tuberosum accessions, carotenoid content decreased as dry weight increased. Following 9 months storage at 4°C the levels of zeaxanthin and antheraxanthin decreased, whereas the level of lutein increased; overall, however, there was only a small decrease in total carotenoid content. In non-stored potato tubers and in three storage conditions all storage treatments were higher in carotenoid content (expressed as lutein) in four cultivars and the interaction between genotype was significant for carotenoid content (Blessington et al. 2010) .
